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Abstract  15 
 16 
Energy efficiency strategies, such as building insulation, improve the building performance without 17 
compromising comfort. This study presents a methodology for determining the optimal insulation 18 
thickness for external building surfaces. Our approach is based on a multi-objective optimization 19 
model that minimizes simultaneously the cost and environmental impact associated with both the 20 
energy consumption over the operational phase and the generation of the construction materials 21 
(including the waste produced during the disposal phase). The thermal loads of the modelled cubicles 22 
were calculated using EnergyPlus, a widely used simulation program for buildings. The environmental 23 
impact was quantified following the life cycle assessment (LCA) methodology. This methodology was 24 
applied to a case study of a house-like cubicle located in Lleida (northeast Spain). Taking as a basis a 25 
standard cubicle without insulation, our approach identifies solutions that reduce around 40% both, the 26 
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cost and environmental impact. Optimal solutions show also important economic and environmental 27 
improvements compared to cubicles constructed with the Spanish legislation requirements. Our 28 
method is intended to assist decision-makers in the design of buildings. 29 
 30 
Keywords: Multi-objective optimization, Life cycle assessment (LCA), Modelling, Buildings, 31 
Insulation 32 
 33 
Nomenclature 34 
Abbreviations 35 
IEO   International Energy Outlook 36 
MOO  Multi-objective optimization 37 
LCA  Life cycle assessment 38 
PU  Polyurethane 39 
MW  Mineral wool 40 
EPS  Polystyrene  41 
NSGA-II Non-dominated sorting genetic algorithm-II  42 
EA  Evolutionary algorithms 43 
EI99  Eco-indicator 99 44 
IO  Input-Output 45 
GLO   Average global impact  46 
ACH  Air changes per hour 47 
 48 
List of symbols 49 
Costcub  Cubicle cost 50 
Pricek  Price of the component  51 
Quantk  Quantity of the component 52 
COP  Coefficient of performance 53 
  
 
3 
 
Costelec_n Electricity cost over n years 54 
Conselec  Electricity consumption 55 
PCostelec  Present cost of the electricity  56 
n  Years 57 
Inf    Year electricity inflation rate (%)  58 
Costtotal  Total cost 59 
Impcub   Cubicle impact 60 
Impk  Coefficient of damage per kilogram of raw material 61 
Impelec  Electricity impact 62 
ImpkWh  Coefficient of damage per kWh of electricity in Spain 63 
QuantkWh Consumed electricity over the lifetime of the cubicle 64 
Imptotal  Total impact 65 
z   Objective function 66 
X  Space of feasible solutions 67 
z1 to zj  Components of the objective function 68 
x1 to xi  Decision variables 69 
 70 
1. Introduction 71 
Nowadays buildings are responsible for approximately 40% of the total annual worldwide 72 
consumption of energy [1]. Most of this energy is used for lighting, heating, cooling and air 73 
conditioning [2]. The IEO2013 (International Energy Outlook 2013) forecast model indicates that the 74 
energy demand for buildings will increase by 1.6 % every year in the next decades. Households in 75 
OECD Europe accounted for 22% of the world's total residential delivered energy consumption in 76 
2010. However, their share is expected to fall to 17% by 2040, mainly because of the increasing 77 
efficiency and low population growth [3].  78 
 79 
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Many countries in OECD Europe have enacted measures to improve energy efficiency in the building 80 
sector. For example, the European Union (EU) approved a binding legislation, which aims to meet its 81 
ambitious climate and energy targets for 2020. The plan was launched in March 2007, and after 82 
months of tough negotiations it was adopted by the European Parliament [4]. 83 
 84 
Multiple energy efficiency strategies can be applied to achieve the reduction goals commented above. 85 
Among them, building insulation is particularly appealing, since it decreases the demand of both 86 
heating and cooling, thereby leading to significant environmental savings. For both, new and existing 87 
buildings, there is a huge potential for improvements in this direction.	According to the National 88 
Statistics Institute of Spain, 26% of the total houses in Spain were constructed before 1980 [5]. The 89 
first Spanish law requiring insulation in buildings dates back from 1979 [6]. Because of this, a high 90 
percentage of the buildings in Spain are not insulated, unless they were recently rehabilitated. From 91 
that moment on, it was required to include insulation in the constructions, but it was not until 2006 that 92 
a more restrictive law imposed higher levels of insulation in the buildings [7]. 93 
 94 
Insulation materials can be implemented in all types of constructions. In the European market, 95 
inorganic fibrous materials, glass wool and stone wool account for 60% of the insulation materials, 96 
while organic foamy materials, expanded and extruded polystyrene and to a lesser extent polyurethane 97 
accounts for about 27%. The three most common insulation materials used in Spanish buildings are 98 
polyurethane (PU), mineral wool (MW) and polystyrene (EPS) [8]. 99 
 100 
The current trend is to promote thicker insulation because it reduces energy consumption within the 101 
building. However, the extent to which this strategy reduces the environmental impact is still poorly 102 
understood. Thicker insulation does not necessarily involve less impact. This is because the impact 103 
generated during the construction and disposal phases might be significant. Neglecting this impact 104 
embodied in the insulation materials may lead to solutions where energy savings might be attained at 105 
the expense of increasing the environmental burdens elsewhere. Blengini et al. [9] conducted a 106 
detailed study on the impact caused in all the stages of the life of a low energy family house and 107 
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concluded that the shell-embedded materials represented the highest relative environmental impact. 108 
Along the same lines, Stephan et al. [10] showed that the energy embodied in passive houses can 109 
represent up to 77% of the total (embodied and operational) energy over 100 years.  110 
 111 
Many tools and indicators are available for assessing and benchmarking environmental impacts of 112 
different systems, including  Life Cycle Assessment, Strategic Environmental Assessment, 113 
Environmental Impact Assessment, Environmental Risk Assessment, Cost-Benefit Analysis, Material 114 
Flow Analysis, and Ecological Footprint [11]. Among them, life cycle assessment (LCA) [12], has 115 
recently emerged as the prevalent approach. This methodology accounts for the impact caused in all 116 
the stages in the life cycle of the product being assessed. LCA quantifies the life cycle impact through 117 
a set of indicators that can be either midpoint or endpoint. The former refers to emissions, while the 118 
latter refers to impact in the human health, ecosystem quality and natural resources. Discussion 119 
amongst LCA experts showed that because of the mutually exclusive aspects of uncertainty and 120 
relevance, the midpoint/endpoint debate is controversial and difficult to reconcile. Lenzen [13] argued 121 
that if endpoint information is too uncertain to allow a decision to be made with reasonable 122 
confidence, then the assessment can be carried out in midpoint terms or even can be based on the 123 
stakeholders' subjective judgments about the more certain midpoint levels. In the present study we will 124 
work with endpoint levels. In general, a considerable research gap emerges in the field of 125 
environmental impact of buildings, as even the impact of new constructions has barely been evaluated 126 
in a systematic way [9,14–17].  127 
 128 
Previous approaches for optimizing the insulation thickness considered only cooling loads [18–20], 129 
heating loads [21–25] or both cooling and heating loads [26–30], but neglected the impact of the 130 
construction materials. In addition, to find the energy loads, most of these studies applied the degree-131 
days methodology [18,23,31–33], a heuristic approach that due to its narrow scope might lead to 132 
suboptimal alternatives. Recent developments in numerical methods and software applications have 133 
led to more precise tools, but their application in this field has been quite scarce. The degree-days 134 
method consider static conditions, while other studies take into account dynamic transient conditions 135 
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[34–38]. Ozel [39] analysed the effect of insulation location in the wall, finding that this has a 136 
significant effect on the yearly averaged time lag and decrement factor, but little impact on the yearly 137 
transmission loads and optimum insulation thickness. Al-Sanea et al. [35] analysed the optimum 138 
insulation thickness depending on the electricity tariff as well as the cost of insulation material, 139 
lifetime of the building, inflation and discount rates, and coefficient of performance of the air-140 
conditioning equipment. They found that the optimal thicknesses vary from 4.8 to 16 cm depending on 141 
the case study.  142 
 143 
The aim of this study is to analyse how the selection of an insulation material and its thickness affects 144 
the energy consumption, the total cost and the environmental impact of the building. The final goal is 145 
to determine the thickness of the insulation that minimizes simultaneously the cost and environmental 146 
impact. Note that the minimum cost solution will differ, in general, from the minimum impact one. 147 
Hence, there will be a natural trade-off between both of them, and the solution of the problem will be 148 
given by a set of Pareto optimal points, each achieving a unique combination of cost and impact, 149 
rather than a single optimal solution. Polyurethane (PU), Polystyrene (EPS) and Mineral Wool (MW) 150 
are considered as insulation materials.  Our multi-objective optimization (MOO) approach offers 151 
decision makers a suitable framework to identify solutions to improve simultaneously different 152 
economic and environmental targets [40]. Our systematic methodology can work with different types 153 
of decision variables and objective functions. 154 
 155 
The article is structured as follows. Section 2 provides the problem statement. Section 3 describes our 156 
methodology and the multi-objective optimization tool. The case study is explained in detail in Section 157 
4. In Section 5 the results are presented and discussed, while the conclusions of the study are finally 158 
drawn in Section 6. 159 
2. Problem statement  160 
To derive our approach, it is considered, without loss of generality, a general cubicle type building in 161 
which the space heating and cooling requirements are covered by a reversible heat pump. A 162 
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construction profile is depicted in Fig. 1.  Details about the cubicle configuration are provided in 163 
Sections 4.1. Cubicle description and 4.2. Model specifications.  164 
The goal of the analysis is to find the type of insulation material and the thicknesses of the insulation 165 
wall that simultaneously minimize the total cost and the environmental impact of the building. The 166 
latter considers the impact associated with the generation of the energy consumed by the building as 167 
well as the manufacture of the construction materials. 168 
 169 
3. Methodology 170 
3.1. Mathematical model 171 
 172 
Our approach relies on the integration of a simulation model of the building with an external 173 
optimization algorithm. More precisely, the energy loads are calculated using EnergyPlus v.8 [41–43] 174 
a software for energy simulations in buildings. In mathematical terms, the problem contains a system 175 
of partial differential equations (PDEs) that describe a set of energy balances. These are required to 176 
determine the energy consumption for a given set of materials and associated thickness values. 177 
EnergyPlus has three basic components: a simulation manager, a heat and mass balance simulation 178 
module, and a building system simulation module. Simulation capabilities include integrated 179 
simulation, combined heat and mass transfer balance and multizone airflow and HVAC loops (flexible 180 
system and plant simulation). EnergyPlus allows to define sub-hourly time steps for the interaction 181 
between the thermal zones and the environment as well as between the thermal zones and the HVAC 182 
systems [42]. EnergyPlus has five models that calculate the beam solar radiation and reflectance from 183 
exterior surfaces that strike the building and, ultimately, enter the zone (MinimalShadowing, 184 
FullExterior and FullInteriorAndExterior, FullExteriorWithReflections, 185 
FullInteriorAndExteriorWithReflections). This study uses the FullExterior option, which computes all 186 
shadow patterns on exterior surfaces caused by detached shading, wings, overhangs, windows and 187 
door reveals, and exterior surfaces of all the zones. The beam solar radiation entering the zone is 188 
assumed to fall on the floor, where it is absorbed according to the floor's solar absorptance. Any 189 
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radiation reflected by the floor is added to the transmitted diffuse radiation, which is assumed to be 190 
uniformly distributed on all interior surfaces [44].  191 
 192 
As already mentioned, our goal is to find the insulation thickness values that optimize the cost and 193 
environmental impact. Hence, a range of thicknesses of different insulation materials are considered as 194 
decision variables. Our final aim is to develop a general methodology for dealing with complex 195 
problems. Exhaustive and time-consuming searching strategies can be implemented in existing 196 
software tools (e.g. JEPlus [45], Genopt [46]). This complex parametric analysis might lead to large 197 
calculations that will not even ensure convergence to an optimal solution. Hence, when the search 198 
space is large, it is more convenient to resort to rigorous optimization algorithms. In this work a multi-199 
objective optimization tool based on a customized non-dominated sorting genetic algorithm-II 200 
(NSGA-II): JEPlus+EA [47], is combined with EnergyPlus. The overall numerical procedure is 201 
summarized in Fig. 2. Note that the simulation model of the building could be coupled with other 202 
optimization algorithms, in a similar manner as was done before by the authors in other works [40].  203 
 204 
Genetic algorithms belong to the larger class of evolutionary algorithms (EA), which generate 205 
solutions to optimization problems using techniques inspired by natural evolution, such as inheritance, 206 
mutation, selection, and crossover. Genetic algorithms start with an initial chromosomes population 207 
composed of a random set of solutions. From this initial set, they generate new generations by 208 
applying some numerical operators based on natural evolution. In each generation, the fitness of every 209 
individual in the population is evaluated. This fitness corresponds to the value of the objective 210 
function associated with the member of the population (solution) being assessed. Each new generation 211 
is constructed by selecting some of the parents and offsprings, based on the fitter chromosomes, and 212 
rejecting the others, thereby keeping the population size constant. After a number of generations, the 213 
algorithm converges to a final solution [48].  214 
 215 
Genetic algorithms have already been applied in the context of buildings optimization. Murray et al. 216 
[49] presented a degree-days simulation technique coupled with a genetic algorithm that was applied 217 
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to the retrofit of buildings. The objective functions were the payback, the carbon emissions and the 218 
energy cost. Asady et al. [50] presented a similar study, but in their case the objective functions were 219 
the energy consumption, the retrofit cost, and the thermal discomfort hours. Yuan et al. [51] proposed 220 
a multi-objective global optimization method that combined a refrigerator dynamic model that was 221 
coupled with a NSGA-II genetic algorithm in order to increase the overall performance. In this study 222 
the objective was to minimize the total cost along with the energy consumption. Gossard et al. [52] 223 
presented a methodology that combines an artificial neural network (that reduces computational 224 
requirements compared to dynamic yearly thermal simulations) and the genetic algorithm NSGA-II. 225 
The objective was to improve the thermal efficiency of a building envelope. The optimization 226 
variables in this study were the thermophysical properties of the external walls (thermal conductivity 227 
and volumetric specific heat), while the optimization targets were the annual energy consumption and 228 
the summer comfort degree. 229 
 230 
3.2. Objective functions 231 
 232 
The next sections describe how the economic and environmental performance of each design 233 
alternative is assessed. 234 
 235 
3.2.1. Economic indicators  236 
 237 
The economic performance is quantified through the cost, which accounts for the cost of the insulation 238 
material and the cost of the electricity consumed for heating and cooling over the lifetime of the 239 
building. The objective is to achieve the minimum total cost [33,39,53,54]. 240 
 241 
An inventory list of the required materials for the cubicle construction, and the corresponding 242 
quantities and cost is given in Table 1. Details on the cubicle description can be found in section 4.1. 243 
Cubicle description. As an illustrative example, we show how to calculate the cost of a cubicle with 1 244 
cm of insulation thickness in all of their surfaces. The thermo-physical properties and the specific cost 245 
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of the insulation materials are presented in Table 2. Data were retrieved from LIDER [55] and ITeC 246 
[56] databases. The total price of the materials for the construction of the cubicle is given by: 247 
 248 
·cub k k
k
Cost Price Quant               (1)     249 
 250 
Where Costcub is the total cost of the materials for the construction of the cubicle, Pricek is the price 251 
per kilogram of raw material k and Quantk is the correspondent quantity in kilograms of raw material k 252 
used in the construction (i.e. kg of concrete).  253 
 254 
The required electricity for heating and cooling is obtained by converting the useful thermal energy 255 
output (heating and cooling) to energy input (or energy consumed). In the case of this study we are 256 
considering a heat pump with a COP of 3. The COP is defined as the ratio between useful thermal 257 
energy to electrical energy consumed. Thus, the electricity consumption is calculated by dividing the 258 
heating and cooling demand by the COP. This consumed electricity is multiplied by the electricity cost 259 
in the domestic sector in Spain (0.16 €/kWh) [57] considering a cost increase of 5 % per year as 260 
proposed in [53], as shown in the following equation: 261 
         262 
 _ · · 1+ele nelec n elec
n
cCost PCC ostons Inf  (2) 263 
 264 
where Costelec_n is the electricity cost over n years, Conselec is the consumed electricity in kWh for 265 
heating and cooling, PCostelec is the present cost of the electricity kWh in Spain, and Inf is the yearly 266 
increase of the electric cost.  267 
 268 
As mentioned previously, the model seeks to minimize the total cost. The total cost ( totalCost ) 269 
accounts for the cost of the materials for the construction of the cubicle ( cubCost ) and the cost of the 270 
electricity consumed over the operational phase of the cubicle ( _elec nCost ), as follows: 271 
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_total cub elec nCost Cost Cost  (3) 272 
 273 
3.2.2. Environmental indicators  274 
 275 
The environmental impact associated with the generation of the electricity consumed and the 276 
manufacture of the construction materials is assessed through the Eco-indicator 99 (EI99) 277 
methodology [12,58] which is based on LCA principles and which has already been use by other 278 
authors in similar case studies [14,59–61]. LCA is a method for evaluating the environmental impacts 279 
of products by adopting an holistic approach that accounts for the direct and indirect impacts. Process-280 
based LCA and  input-output LCA (IO) are two methods that attempt to quantify these impacts. 281 
Process-based LCA applies mass and energy balances to determine the inputs of energy and materials 282 
resources, along with the outputs (amount of waste generated and emissions to air, soil and water). In 283 
the first step of the process-based LCA, it is required to define the system boundaries. This might lead 284 
to a so called truncation error that can arise when some parts of the supply chain are neglected [62–285 
64]. The IO approach quantifies the interdependences between sectors through monetary flows, each 286 
of which has an associated use of resources. In this LCA method, outputs of an industrial sector are 287 
inputs to others, for example, the outputs of sand extraction will be used in the concrete industry. This 288 
type of approach makes use of aggregated economic and environmental data.  Input-output analysis 289 
has some limitations regarding the high level of aggregation in industry or commodity classifications 290 
[62]. Another limitation in input-output analysis concerns the uncertainties stemming from inaccurate 291 
or updated measurements [65]. Hybrid methods that combine to some extent both approaches have 292 
been proposed to overcome the limitations mentioned above  [62,66–68]. One such approach consists 293 
of analysing and quantifying the different stages using process-based to then resort to IO equations 294 
when a lack of data is identified. Another one is based on a more general characterization that 295 
combines IO and process-based data. These hybrid methods should provide more accurate results 296 
[11,63] compared to either process-based or EIO. However, as pointed by Majeau-Bettez et al. [69], 297 
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these hybrid assessments have yet to enter mainstream practice and become an explicit priority of the 298 
field’s guidelines [70] and standards [12,71].  299 
 300 
This study follows the Eco-indicator 99 methodology, a process-based method which is based on LCA 301 
principles. More on this selection will be commented in Section 5.Results and discussions. This 302 
method quantifies 10 impacts that are aggregated into 3 different damage categories (human health, 303 
ecosystem quality and resources). These categories are then translated into Ecoindicator 99 points 304 
using normalization and weighting factors. In the calculations, two main sources of impact are 305 
considered:  the manufacture of the materials used in the construction of the cubicle (including the 306 
impact in the dismantling phase) and the amount of electricity consumed during the time horizon. The 307 
firs term is determined as follows:  308 
 309 
 · cub k k
k
Imp Imp Quant   (4) 310 
 311 
Where Impcub is the total EI99 impact of the construction materials of the cubicle, Impk , is the 312 
coefficient of damage per kilogram of  raw material k (an information that is available in the 313 
EcoInvent database[72]), and Quantk is the corresponding quantity in kilograms of raw material k. 314 
 315 
Table 3 summarizes the main sources of impact associated with the materials in the manufacturing and 316 
dismantling phases. As an illustrative example, Table 3 displays as well the environmental impact of a 317 
cubicle with 1 cm of insulation thickness in all of their surfaces.  318 
 319 
EcoInvent data of the Spanish electricity production system are used to translate the electricity 320 
consumed over the operational phase into EI99 impact points as follows: 321 
 322 
 · elec kW kWhhImp Imp Quant               (5) 323 
 324 
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Where Impelec is the total EI99 impact of the consumed electricity over the operational phase of the 325 
cubicle, ImpkWh  is the coefficient of damage per kWh of electricity in Spain (0.032078 EI99 points per 326 
kWh [72]) and kWhQuant  is the consumed electricity over the lifetime of the cubicle. 327 
  328 
As in the case of the economic cost, for the environmental impact the objective is again to achieve a 329 
minimum impact. The total impact ( totalImp ) includes the impact of the materials for the construction 330 
of the cubicle ( cubImp ) and the impact of the consumed electricity over the operational phase of the 331 
cubicle ( elecImp ): 332 
 333 
total cub elecImp Imp Imp               (6) 334 
 335 
3.3. Solution procedure 336 
 337 
The goal of the analysis is to find the values of the insulation thickness that minimize simultaneously 338 
the cost and the environmental impact. For optimization purpoposes, the simulation model 339 
implemented in EnergyPlus is expressed in mathematical terms as an explicit function of the form: 340 
 341 
   ,total MODtotalCost Impz f x                 (7) 342 
 343 
That is, the vector z (objective function), which is composed of the cost and environmental impact, is 344 
obtained from the simulation model after specifying the values of the decision variables. The decision 345 
variables are in turn encoded in the vector x

, which contains the values of the thickness of each wall. 346 
The resulting multi-objective optimization model can be expressed in compact form as follows: 347 
 348 
   1 1min ,..., min ,...,MODj ix X x Xz z f x x                              (8) 349 
  
 
14 
 
 350 
where X represents the space of feasible solutions, z1 to zj are the j components of the objective 351 
function (the cost and the j-1 environmental impacts) and x1 to xi are the decision variables. The 352 
optimization problem contains only one block of constraints that are explicit, which impose lower and 353 
upper bounds on the values of the decision variables (thickness values should fall within lower and 354 
upper limits). Other implicit constraints, like mass and energy balances, are enforced by the simulator 355 
model.  356 
 357 
There are many methods available to solve multi-objective optimization problems [73–76]. The 358 
solution of a MOO problem is given by a set  of points (called Pareto solutions) that represent the 359 
optimal trade-off between the objectives considered in the analysis [40,77]. These Pareto optimal 360 
solutions have the property that it is impossible to improve them simultaneously in all of the objectives 361 
without necessarily worsening at least one of them. 362 
Mathematically, Xx is an efficient solution or Pareto optimal solution if there does not exist any 363 
Xx ' such that )()'( xfxf ii  for all i , and )()'( xfxf jj  for some j . If 'x  is Pareto optimal, 364 
then )'(' xfz   is called non-dominated point or efficient point. The set of all non-dominated points is 365 
referred to as non-dominated frontier or Pareto frontier. 366 
 367 
In this paper, without loss of generality, the multi-objective model is solved using multi-objective 368 
genetic algorithms.  369 
  370 
4. Case study 371 
4.1. Cubicle description 372 
 373 
The research group GREA, possesses an experimental installation of house-like cubicles in Puigverd, 374 
(Lleida, Spain) [8]. The cubicles have identical dimensions (five plane walls with 2.4  2.4  0.15 m), 375 
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but implement different materials (diverse types of bricks and insulation materials). According to the 376 
Worldwide bioclimatic classification system of Rivas-Martinez et al. [78], Lleida presents a 377 
Mediterranean Xeric Oceanic bioclimatic type of weather, which is characterized by moderate cold 378 
winters and dry hot summers. 379 
 380 
The cubicle represents a conventional Mediterranean construction system. The structure of the cubicle 381 
is made of four mortar pillars with reinforcing bars, one in each edge of the cubicle.	The base consists 382 
of a concrete base of 3  3 m with reinforcing bars. The walls consist of 6 material layers (enumerated 383 
from outside to inside): a cement mortar finish, a hollow bricks structure, an air chamber of 5 cm, a 384 
layer of an insulation material (PU, EPS or MW depending on the model), perforated bricks and a 385 
plaster plastering layer. The roof was constructed using concrete precast beams and 5 cm of concrete 386 
slab. The internal finish is plaster plastering. The insulating material (PU, EPS or MW) is placed over 387 
the concrete, and it is protected with a cement mortar roof with a slope of 3 % and a double asphalt 388 
membrane. Moreover, a reference cubicle with no insulation is also considered [8,60] for comparison 389 
purposes.  390 
 391 
4.2. Model specifications  392 
 393 
The cubicle simulation reproduces the conditions of the experimental cubicles. These conditions imply 394 
many simplifications when comparing to a real operative building, which are used to simplify an 395 
analysis that would be otherwise very hard to perform. In future studies, more complex building 396 
models will be considered in order to apply this methodology to more realistic conditions, taking into 397 
account as well the main uncertainty sources affecting the calculations. The specifications of the 398 
model are listed herein:  399 
 400 
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 An internal set point temperature of 24°C is fixed for the whole year. This is indeed a quite 401 
high value for winter season that was chosen so as to facilitate the comparison with previous 402 
studies [8,59]. 403 
 404 
 Neither windows nor doors are considered (i.e., cubicles without openings). The aim here is 405 
that the simulated configuration will be as close as possible to the real one.  406 
 407 
 The heating and cooling are supplied by a heat pump with a COP of 3.  408 
 409 
 A fixed infiltration rate of 0.12 ACH (air changes per hour) [79] is assumed and no 410 
mechanical or natural ventilation is used. These conditions again might be uncommon in a real 411 
operative building.  However, this simplification enables us to easily analyze the specific 412 
performance of the different insulation materials.   413 
 414 
 There is no internal mass and no human occupancy.  415 
 416 
 A building lifetime of 20 years is considered [34,80].  417 
 418 
 The total inversion for the construction materials takes places the first year of the time 419 
horizon.  420 
 421 
 As for the electricity, a price of 0.16 €/kWh is considered [57]  with a yearly increase in cost 422 
of 5% as proposed in [53]. There is no universal method widely accepted for calculating the 423 
evolution of the electricity cost. Hence, this study considers a fix increasing tax.  424 
 425 
4.3. Case I: homogenous insulation thickness 426 
 427 
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The base case for both case studies is based on a cubicle with the aforementioned specifications but 428 
without insulation.  429 
 430 
In the first case study, the insulation thickness is varied uniformly in the four vertical surfaces and in 431 
the roof from 1 to 25 cm. That is, the same thickness is set in the vertical surfaces and in the roof.  The 432 
range considered (1-25 cm) was based on practical aspect, since in a first approach it was observed 433 
that optimal solutions did not surpass 25 cm of insulation thickness. In our case studies, we do not 434 
combine different materials in the same model. We start by analysing each single objective separately, 435 
and then look for the set of Pareto solutions representing the optimal trade-off between both 436 
conflicting objectives.  437 
 438 
4.4. Case II: heterogeneous insulation thickness 439 
 440 
In the second case study, instead of changing the thickness of all of the surfaces uniformly, we analyse 441 
the effect of different insulation thickness for each surface [39]. The range considered for the 442 
insulation thicknesses is the same as in case I, but this time we combine different thickness values for 443 
the walls and roof.  444 
 445 
To determine the set of optimal thickness values, we implemented the model in EnergyPlus and the 446 
optimization algorithm described above in JEPlus+EA. The  optimization method is based on a 447 
modified version of the NSGAII algorithm [81]. The default settings of the JEPlus+EA toolbox were 448 
used in the simulations.   449 
 450 
The algorithm takes around 1900 to 2000 CPU seconds to generate the Pareto solutions for each 451 
material (PU, EPS, MW) on a computer HP Compaq Pro 6300 SFF with an Intel Core Processor 3.30 452 
GHz and 3.88 GB of RAM. The maximum number of generations was fixed to 200, with an initial 453 
population size of 10. Each calculation was repeated 10 times in an attempt to avoid local optima.  454 
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5. Results and discussions  455 
Before proceeding to the next section we remark that the results are conditioned by the specifications 456 
of our model (4.2. Model specifications). The cubicles present many simplifications compared to a 457 
real operating building. These simplifications, however, are consistent with the experimental settings. 458 
Moreover, these simplified models enable us to easily evaluate the performance of the different 459 
insulation materials separately, since other possible effects (human occupancy, openings) are 460 
neglected.       461 
 462 
A process-based approach was used in the LCA analysis. Process-based LCA might fail to quantify a 463 
fraction of the activities required to fulfil any given final demand [82,83]. If this happens, the 464 
environmental impacts will be underestimated. As stated by Majeau-Bettez et al. [69] the 465 
consequences of this truncation bias are expected to depend on the goal of the LCA study. If a LCA 466 
analysis strictly pretends to compare products or processes whose value chains involve activities 467 
within a similar industry mix, as is the case of this study, it may be expected that all the inventories 468 
will suffer from similar levels of incompleteness, in which case the ranking would be relatively 469 
insensitive to truncation error [63,69]. 470 
 471 
 472 
5.1. Case I: homogenous insulation thickness 473 
 474 
5.1.1. Economic cost analysis 475 
 476 
Fig. 3 shows that when the insulation thickness of the cubicle surfaces increases, the material cost 477 
increases linearly, while the energy cost decreases. Hence, there are two conflicting effects, and the 478 
minimum cost solution corresponds to the point representing the optimal balance between the two 479 
economic terms. In this case, the minimum cost solution involves a thickness of 8 cm for the PU, 10 480 
cm for the EPS and 11 cm for the MW (Fig. 3). PU is more expensive than the other insulation 481 
materials. However, its thermal conductivity is lower, so its energy savings compensate for the extra 482 
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cost, making PU the most competitive material from the economic perspective. Note that, as expected, 483 
the solution with minimum energy cost is not the one with the best economic performance. Hence, the 484 
minimization of the energy consumption without considering the cost of the materials might lead to a 485 
suboptimal solution. The same can be said for the analysis of the minimum environmental impact 486 
solution.  487 
 488 
5.1.2. Environmental impact analysis 489 
 490 
The energy impact decreases with the insulation thickness, while the material impact increases linearly 491 
with the insulation thickness. The minimum impact (Eco-indicator99) solution involves a thickness of 492 
8 cm for the PU, 12 cm for the EPS, and 23 cm for the MW (Fig. 4). The thickness with minimum 493 
impact for the MW is more than 10 cm higher than that corresponding to the others. This occurs 494 
because the environmental impact of the MW is much lower than the others. Specifically, this is due to 495 
the small fossil fuels depletion impact, which is ten times lower than the impact of PU and EPS. 496 
Because of this, the energy savings of the building are higher than the impact of the insulation. 497 
 498 
5.1.3. Multi-objective analysis  499 
 500 
In this section we analyse the total cost and environmental impact of both, energy and materials, 501 
simultaneously. Each point in Fig. 5 (Eco-indicator 99 vs cost) represents a different combination of 502 
insulation thicknesses. For each insulation material, we first obtain the extreme solutions of each 503 
objective (i.e., minimum cost and minimum environmental impact). Between these two points, a set of 504 
trade-off alternatives are identified, some of which might be Pareto optimal (recall that we are not 505 
using any rigorous optimization algorithm at this stage). For PU, since the best solution is the same for 506 
both objectives, we attain the utopia point, which by definition minimizes/maximizes all the objective 507 
functions of the multi-objective problem simultaneously. Regarding the EPS case, the best economic 508 
insulation thickness is 10 cm, while the best environmental solution involves a thickness of 12 cm. 509 
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Finally, the best insulation thicknesses for the MW case are 11cm (economic) and 23 cm 510 
(environmental). 511 
The best solutions identified appear in Fig.6, where we have plotted the envelope of the points 512 
depicted in Fig. 5, that is, only the best points in terms of economic and environmental performance 513 
are shown here. The extreme solutions are as follows: the optimal thickness from the environmental 514 
point is 23 cm with MW, and from the economic perspective is 8 cm with PU. The points configuring 515 
the curve between these two extremes are the best solutions in terms of the two criteria. In this case, 516 
we have 16 optimal solutions, one of them using PU and the others using MW. Analysing in more 517 
detail Fig. 6, from the extreme economic best solution to the extreme environmental best solution, it 518 
can be observed that, initially, a slight increase in cost leads to an important environmental impact 519 
reduction. However, as we get closer to the extreme environmental solution, higher economical efforts 520 
are required in order to reduce the environmental impact. With these results, we would recommend the 521 
intermediate solution of 11 cm with MW, as it increases 0.5 % the total cost while reducing the 522 
environmental impact by 9 %. 523 
 524 
5.2. Case II: heterogeneous insulation thickness 525 
 526 
This case assumes that the insulation thickness can be changed independently in each surface, which 527 
allows getting adapted to the orientation (N-S-W-E). The range considered (1-25 cm) was based on 528 
practical aspects.  529 
Fig. 7 shows all of the intermediate points generated by the genetic algorithm during the calculations. 530 
The envelope of these points is the final approximation to the Pareto set. Note that the algorithm tends 531 
to produce points close to the Pareto set sought, but not necessarily optimal.  532 
 533 
Fig. 8 shows the optimal results considering the three materials. The curve, which corresponds to the 534 
envelope of the points shown in Fig. 7, is the final approximation of the “true” Pareto set of the 535 
problem. For the PU case, a utopia point that is optimal in both objectives is identified. For the EPS, 536 
there are 8 optimal solutions but they do not appear in the Pareto front of Fig. 8, since they are 537 
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suboptimal when considering the results of the other materials. 41 best solutions implement MW. This 538 
happens, as mentioned, because this material has lower environmental impact. The highest 539 
environmental performance is achieved using MW with a thickness of 23 cm in all of the external 540 
surfaces, while the cheapest alternative implements PU with an insulation thickness of 8 cm in the 541 
North exterior facade, 6 cm in the South, 7 cm in the West an East, and 9 cm in the roof. 542 
 543 
5.3. Discussion 544 
 545 
Some important questions emerge from the analysis of the results: How much do the insulated best 546 
solutions improve compared to the reference case? Are the differences between the best solutions of 547 
homogeneous and heterogeneous insulation significant to justify the practical issues associated during 548 
construction? Are the results of this analysis in agreement with other studies? Are the optimal 549 
solutions in accordance with the recommendations of actual energy performance of buildings 550 
directives?    551 
 552 
Table 4 shows the different extreme optimal solutions of cases I and II and their improvements 553 
(around 35 - 40 % better) with respect to the base case (without insulation). These results confirm the 554 
importance of selecting a proper insulation thickness to achieve reductions from the economic and 555 
environmental standpoints.  556 
 557 
Comparing both case studies, we find that the best economic solution of case study II is only 0.25% 558 
better than its corresponding counterpart for case study I. In both cases, the best environmental 559 
solutions are the same. We therefore conclude that for the cubicle, and considering the climate 560 
conditions of Lleida, implementing the same insulation thicknesses in the external surfaces is a good 561 
strategy, and it provides near optimal solutions. Similar results were found by Al-Sanea et al. [84] 562 
using climatic data of Riyadh and by Daouas [27] using climatic data of Tunis. Yu et al. [33] analysed 563 
the effect of heterogeneous thicknesses of different orientated external surfaces for different climates 564 
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in China. They concluded that in Shanghai and Changasa, heterogeneous thicknesses in different 565 
orientations should be considered, while in Shaoguan and Chengdu, the effect was negligible. 566 
 567 
Comparing the best economic solution of PU and MW, we find that increasing the cost by 0.5 %, 568 
decreases the environmental impact by 9%.  569 
 570 
Table 5 presents the optimal insulation thickness for different case studies of other authors considering 571 
only the economic objective function.  Athens, West Bank and Elâzığ show very similar weather 572 
conditions than those in Lleida. In the cases of West bank and Elâzığ, the results are similar to those 573 
obtained in our study with an insulation thicknesses ranging between 5 and 8 cm.      574 
In the cases with different insulation thicknesses for the different orientated surfaces, the south wall is 575 
the one with the minimum thickness.  The north wall is the one presenting the largest insulation 576 
thickness in [30] and in our analysis (for the optimal economic solution), while in other studies this is 577 
not the case. In [27,84] the north wall is the one presenting the thinnest thickness, probably because in 578 
these locations (Tunis and Riyadh) the temperatures during the summer months are extremely hot. 579 
Although North orientation provides the highest loads in winter it also provides the lowest in summer. 580 
The south orientation provides the lowest loads in winter and allows for natural heating in this season. 581 
Therefore, a slightly thinner insulation thickness is required for the south and north walls compared to 582 
the east and west walls in those locations.  583 
 584 
Optimal insulations thicknesses obtained in the present study are not close to the application values 585 
required by the the regulatory framework that establishes the requirements to be met by buildings in 586 
relation to the basic requirements of safety and habitability established by [7]. The law required 587 
thermal transmittance is 0.66 W/m2·K for the external facade walls in the location of Lleida, but our 588 
results suggest lower values between 0.35 and 0.26 W/m2·K for the best economic solution and 0.135 589 
W/m2·K to achieve the best environmental performance. For the roof, the same situation is observed, 590 
since the law requires a thermal transmittance of 0.38 W/m2·K, and our analysis suggests values of 591 
0.285 W/m2·K for the best economical solution and of 0.135 W/m2·K for the solution with minimum 592 
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environmental impact. Considering the requirements of the law, the simulated cubicles would have a 593 
total cost and environmental impact (considering the consumed electricity and the material cost) 10% 594 
higher than the best economic solution found by our approach. The solution with minimum impact 595 
identified in our study is also 3% cheaper and shows an impact 23 % lower compared to the cubicle 596 
constructed according to the Spanish law requirements.    597 
 598 
6. Conclusions and future work 599 
 600 
The thermal behaviour of a cubicle has been modelled and analysed. Different insulation materials 601 
have been considered for the external surfaces and their thickness has been changed in order to find 602 
the alternatives that simultaneously optimize the economic and environmental performance of the 603 
facility. Starting from the base case with no insulation, we have developed two cases (homogeneous 604 
and heterogeneous insulation thickness). The optimal environmental solution is achieved by using 605 
MW with a thickness of 23 cm in all of the external surfaces, while the economic optimum is obtained 606 
by using PU with an insulation thickness of 8 cm in the North exterior facade, 6 cm in the South, 7 cm 607 
in the West an East and 9 cm in the roof. 608 
 609 
The systematic procedure developed herein quantifies the environmental impact of the construction 610 
materials together with its economic cost, along with the environmental impact and cost of the 611 
consumed energy. We conclude that for a proper assessment of the environmental impact of a 612 
building, it is necessary to take into consideration the environmental impact of the construction 613 
materials along with the impact of the energy consumed. This is important because suboptimal 614 
solutions can be generated if we only look at the impact avoided with the energy savings.  615 
 616 
The current results and conclusions depend on the specifications of the model and especially on the 617 
parameters values used in the thermal and economic analysis. They indicate that, for our case studies, 618 
calculating the optimal insulation thickness is of paramount importance to reduce the economic cost 619 
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and the environmental impact. Results indicate that improvements of around 40% can be achieved 620 
with respect to the base case. In addition, implementing the same insulation thickness for the different 621 
orientated surfaces seems a good strategy, since the improvement attained by asymmetric designs with 622 
orientation dependent thicknesses is marginal. The optimal solutions identified by our method show 623 
also significant economic and environmental improvements compared to cubicles constructed with the 624 
Spanish legislation requirements. 625 
 626 
This work will be extended in order to consider more scenarios (e.g., climate conditions, building 627 
models…) and to incorporate as well the main uncertainty sources (e.g, insulation cost, energy cost, 628 
inflation rate, emissions data, etc.). 629 
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Tables 837 
Table 1. 838 
Inventory list of the materials used for the cubicle construction and their corresponding economic cost. 839 
Component Used Mass
(kg)
Cost
(€)
Brick 5,456 287
Base plaster 518 43
Cement mortar 608 30
Steel bars 262 157
Concrete 1,240 44
In-floor bricks 1,770 62
Asphalt 153 317
PU (1 cm) 20.25 79
EPS (1 cm) 13.50 59
MW (1 cm) 18 55
 840 
Table 2. 841 
Properties of the insulation materials. 842 
Insulation material 
Density 
(kg/m3)
Thermal conductivity 
(W/(m·K))
Specific heat 
(J/(kg·K)) 
Cost 
(€/m3)
Polyurethane  45 0.027 1,000 175
Polystyrene 30 0.038 1,000 131
Mineral Wool 40 0.04 1,000 122
 843 
  844 
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Table 3. 845 
 846 
Inventory list of the materials used for the cubicle construction and their corresponding EI99 punctuation.  847 
        
Component 
Name in the data base Eco Invent corresponding 
to the component 
Used 
mass 
(kg) 
EI 99 
(Points/kg)  
Total 
EI99 
(Points)
Brick market for brick, GLO [kg]  5,456 0.0196 106.714
Base plaster market for base plaster, GLO [kg]  518 0.0126 6.552
Cement mortar market for cement mortar, GLO [kg]  608 0.0147 8.939
Steel bars market for section bar rolling, steel, GLO [kg]  262 0.0135 3.531
Concrete (m3) market for concrete, normal, GLO [m3]  0.577 18.8780 10.888
In-floor bricks market for concrete roof tile, GLO [kg]  1,770 0.0160 28.237
Asphalt market for mastic asphalt, GLO [kg]  153 0.0284 4.342
Disposal bricks market for waste brick, GLO [kg]  5,456 0.0028 15.078
Disposal plaster market for waste mineral plaster, GLO [kg]  518 0.0057 2.976
Disposal mortar market for waste cement in concrete and mortar, 
GLO [kg]  608 0.0062 3.798
Disposal concrete 
+ steel bars market for waste reinforced concrete, GLO [kg]  1,492 0.0042 6.203
Disposal in-floor 
bricks 
market for waste concrete, not reinforced, GLO 
[kg]  1,770 0.0028 5.029
Disposal asphalt market for waste asphalt, GLO [kg]  153 0.0020 0.307
PU market for polyurethane, rigid foam, GLO [kg] 20 0.3973 8.046
EPS market for polystyrene foam slab for perimeter 
insulation, GLO [kg] 14 0.3975 5.366
MW market for rock wool, GLO [kg] 18 0.1024 1.842
Disposal PU market for waste polyurethane foam, GLO [kg] 20 0.0743 1.504
Disposal EPS market for waste polystyrene, GLO [kg] 14 0.0281 0.380
Disposal MW market for waste mineral wool, GLO [kg] 18 0.0073 0.132
  848 
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 849 
Table 4. 850 
Comparison of the base case results and the best economic and environmental results for both case studies. 851 
    Cubicle model Economic cost (€)
EI99 
(Points) 
Improvement (%)
      Economic EI99
 Base 
case   No insulation 6,460 873 0.0 0.0
Case 
study I 
Best economic solution PU - All surfaces 8cm 3,940 566 39.0 35.1
Best EI99 solution MW - All surfaces 23cm 4,252 496 34.2 43.1
Case 
study II 
Best economic solution PU - E7_N8_S6_W7_R9 3,930 565 39.2 35.2
Best EI99 solution MW- All surfaces 23cm 4,252 496 34.2 43.1
 852 
  853 
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Table 5.  854 
 855 
Economic optimum insulation thickness for all wall types and orientations of different studies. 856 
 857 
Study   Location  
Insulation 
materials Optimum insulation thickness (m) 
      North South East West 
Present study Lleida    (Spain) Polyurethane 0.08 0.06 0.07 0.07
Çomaklı et al. [22] 
Erzurum  
(Turkey) 
Stropor 
(Expandable 
polystyrene) 
0.105 0.105 0.105 0.105
Kars  (Turkey) 0.107 0.107 0.107 0.107
Erzincan  
(Turkey) 0.085 0.085 0.085 0.085
Axaopoulos et al. 
[30] Athens (Grecee) 
Extruded 
polystyrene 0.101 0.071 0.1 0.1
Hasan [25] 
West Bank 
(Palestine) 
Rock wool  0.068 0.068 0.068 0.068
Polystyrene 0.052 0.052 0.052 0.052
Gaza 
(Palestines) 
Rock wool  0.035 0.035 0.035 0.035
Polystyrene 0.026 0.026 0.026 0.026
Daouas [27] Tunis (Turkey) Expanded polystyrene  0.101 0.101 0.117 0.116
Al-Sanea et al. [84] Riyadh   (Saudi Arabia) 
Molded 
polystyrene  0.088 0.087 0.092 0.092
Ozel [85] Elâzığ (Turkey) Extruded polystyrene 0.06 0.055 0.06 0.06
 858 
 859 
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